The spectroscopic and proton-and Zn(II)-binding properties of two new members of the Zinpyr family of fluorescent sensors are reported. In ZP1B and ZP3B, a (2-picolyl)(4-picolyl)amine (2,4-DPA) moiety is installed in place of the di(2-picolyl)amine (2,2-DPA) ligand used in the parent sensors ZP1 and ZP3. This modification has the benefit of both lowering the proton-induced turnon at physiological pH levels and altering the Zn(II) affinity so as to detect only the most concentrated stores of this ion in biological samples. Comparison of the proton affinities of all four sensors, as determined by potentiometric titrations, contributes to our understanding of the solution properties of this family of sensors.
The importance of zinc ions in biological systems, including its diverse roles in metalloproteins and structural motifs, has been well established. 1 Of current research interest is to detect and understand the functions of mobile pools of zinc in vertebrate tissues and organs. [2] [3] [4] [5] [6] Some resting stores and transient populations of Zn(II) are estimated to reach high micromolar or even millimolar levels. [7] [8] [9] Methods for detecting such high concentrations of the ion over more tightly held stores are therefore highly desirable. One relatively non-invasive method of attaining the requisite spatial resolution of Zn(II) localization in vivo is microscopy using Zn (II)-responsive fluorescent sensors. Although a variety of fluorophores have been used to construct such sensors, the metal-binding motifs are less diverse owing to issues of ion selectivity. 10 The di(2-picolyl)amine moiety (2,2-DPA), 11 in particular, has been widely employed because of its specificity for Zn(II) over the physiologically abundant alkali and alkaline earth cations. The first such sensor developed in our laboratory, ZP1, contained 2,2-DPA and has proved to be a useful starting point for fluorescent sensor design. ZP1 has many favorable features, including intense absorption and emission profiles, water solubility, cell permeability, and reasonable selectivity for Zn 2+ over other physiologically abundant metal species. 12 This sensor displays limited fluorescence turn-on because of protoninduced background at pH 7, however, and its high affinity for Zn 2+ makes it less valuable for measuring only the labile populations of this ion. One strategy for correcting these deficiencies while keeping the desirable properties is to modify the 2,2-DPA binding units. Previous efforts in this direction yielded sensors with mixed ligand arms, where one picolyl group is substituted by a methyl, benzyl, 13 thioether, 14 or thiophene 15 group, effectively lowering the denticity of the receptor units. In each of these cases, the affinity for Zn(II) was significantly reduced but the pK a of the receptor unit was elevated, increasing proton-induced background fluorescence and diminishing the turn-on. These examples reveal that removal of a donor group from the binding pocket can increase its proton affinity due to electronic influences on the tertiary nitrogen atom. This problem is solved by a simple modification to the 2,2-DPA chelating moiety, namely, altering the connectivity of one pyridyl group to produce (2-picolyl)(4-picolyl) amine (2,4-DPA). 16 Here we describe the replacement of 2,2-DPA units in our ZP1 and ZP3 17 sensors by 2,4-DPA to afford the new sensors ZP1B and ZP3B (Chart 1). The syntheses of both compounds apply standard Mannich reaction conditions to link 2,4-DPA to the appropriate fluorescein platform, yielding diffraction-quality crystals directly from the reaction solution (Supporting Information).
The first valuable property of the 2,4-DPA ligand is to lower the pK a values of the binding pockets of ZP1B and ZP3B, thereby minimizing the proton-induced turn-on. The result is a substantially lower fluorescence quantum yield (Φ) at pH 7 compared to ZP1 and ZP3 ( Table  1 ). The quantum yields and pKa values of ZP1 were remeasured for purposes of comparison to the new sensors for reasons describe elsewhere. 16 Representative fluorescence-based pH titrations for all four sensors are depicted in Figure 1 . Unlike ZP1 and ZP3, which exhibit a two-step fluorescence turn-on as the pH is lowered, ZP1B and ZP3B display a nearly uniform increase in fluorescence between pH 7.0 and 3.5. This difference in behavior comes from a significant shift in the pK a values determined from potentiometric titrations (Table S3 ). For all of these compounds, the largest turn-on is caused by binding of the second proton, represented by pK a5 ; an additional turn-on occurs upon binding of two additional protons ( Figure S2 ). The large differences between pK a5 and pK a4 for ZP1 and ZP3 are responsible for their two-step turn-on. The corresponding differences are much smaller for ZP1B and ZP3B, leading to both a shift in fluorescence pH response and the loss of the two-step feature. The practical result of this change in proton affinity is that the fluorescence of each of these new sensors exhibits virtually no turn-on at pH ≥ 7.
With little influence from protons at pH 7, ZP1B and ZP3B each display a large Zn(II)-induced turn-on. Fluorescence titrations with ZnCl 2 yield dissociation constants (K d ) in the millimolar range and significantly improved dynamic ranges compared to ZP1 and ZP3 (Figure 2a and Figure S3a and Table 1 ). Zn(II)-induced changes to the absorption spectra differ from those of our previous sensors (Figure 2b and Figure S3b ). The major peak displays a small hypsochromic shift, as expected from coordination of Zn(II) by the phenolic oxygen atoms, but the intensity of this absorption band is greatly reduced. Additionally, a second band grows in at higher wavelength after the addition of ~8 equiv of ZnCl 2 . The reason for this behavior is not yet known, but excitation at the peak of the new band yields virtually no fluorescence response and these bands do not appear following a single addition of excess ZnCl 2 . Furthermore, only Zn(II) binding and not protonation of the receptor units causes these new absorption bands to form. The metal selectivity of these sensors is similar to related compounds like ZS5, 15 with an improved response over ZP1 to Zn(II) in the presence of Fe(II) or Co(II) (Figure 3 ).
The relatively high K d values of ZP1B and ZP3B are appropriate for the detection of labile zinc pools because these values approximate the transient populations of zinc that are estimated in some forms of physiological signaling. 8 Also, the large dynamic range of these new sensors makes them well suited for use in fluorescence microscopy. To highlight the utility of these compounds in a biological application, we examined the fluorescence signal from Min6, a line of pancreatic β-cells. 19 It is well established that Zn(II) co-localizes with insulin in β-cell secretory vesicles and plays a role in both the synthesis and final structure of the insulin hexamer. 20 These β-cell vesicles exhibit some variability in Zn(II) content, but concentrations reach millimolar levels. 21, 22 Although many Zn(II) sensors are touted for their high sensitivity to low ion levels, a more weakly binding sensor will be able to distinguish the most labile Zn(II) populations from more tightly bound stores. Incubation of either ZP1B or ZP3B with Min6 cells yields staining patterns (Figure 4 and Figure S4 ) that are strikingly similar to those obtained by autometallography, a technique that visualizes only labile, granular Zn(II) in pancreatic cells. 23 No staining is observed in the nuclei, demarcated with the blue dye Hoechst 33258, and the punctate staining of the cytosolic region is suggestive of the distribution of Zn(II)-containing secretory vesicles. Addition of the metal chelator N,N,N',N'-tetra(2-picolyl)-ethylenediamine (TPEN) extinguishes the Zn(II)-induced fluorescence. This highly specific fluorescence labeling is an improvement over more diffuse staining patterns obtained with higher-affinity sensors. 24, 25 The variety of receptor groups that have been appended to the fluorescein backbone has yielded Zn(II)-responsive sensors with a wide range of binding affinities, with K d values from sub-nM to µM. 26 ZP1B and ZP3B are useful additions to the higher end of this binding spectrum, having minimal proton-induced turn-on at physiological pH and large dynamic ranges. A subtle alteration to the widely-used 2,2-DPA ligand results in the 2,4-DPA receptor unit, which has a lower affinity for both protons and Zn(II) but retains specificity for Zn(II) over most physiologically relevant divalent metal ions. Other receptor unit designs provide low Zn(II) affinity with less pH sensitivity, but these constructs also exhibit much lower Φ values in their turned-on states. 27, 28 We suggest that introduction of the 2,4-DPA unit in any of the large number of existing fluorescent Zn(II) sensors incorporating 2,2-DPA would create a new sensor that would retain any favorable features of the original compound but also lower the Zn (II) affinity by several orders of magnitude, allowing for the preferential detection of only the most concentrated stores of Zn(II).
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Refer to Web version on PubMed Central for supplementary material. Fluorescence-based pH titrations comparing (a) ZP1 with ZP1B and (b) ZP3 with ZP3B. The basicity of the binding pockets is reduced in the compounds bearing 4-pyridyl arms, thereby shifting the fluorescence turn-on to lower pH values. Fluorescence (a) and absorbance (b) titration of 1 µM ZP3B with increasing amounts of ZnCl 2 at pH 7 (50 mM PIPES, 100 mM KCl). Emission increases from basal fluorescence (dashed line) in the presence of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 19, 20, 30, 50, 74, 122 , and 170 µM total ZnCl 2 . The absorption band at 529 nm begins to emerge at 8 µM ZnCl 2 . Selectivity of (a) ZP1B and (b) ZP3B for Zn(II) in the presence of other metal ions, as measured by fluorescence turn-on. All measurements were normalized to the emission from a 1 mM solution of sensor (white bar) at pH 7 (50 mM PIPES, 100 mM KCl). The light gray bar represents the emission of each solution after addition of 50 equivalents of the divalent cation shown. The dark gray and black bars represent the emission after subsequent addition of 50 and 500 equivalents, respectively, of Zn 2+ to the same solution of sensor and the cation of interest. Live cell images of Min6 cells after incubating with ZP3B (green) and Hoescht 33258 nuclear stain (blue) for 3 h. DIC image (a) and merged green and blue channels before (b) and after (c) the addition of TPEN. A false color image that better reveals the difference between the images in (b) and (c) may be found in Supporting Information.
Chart 1.
2,4-DPA-based sensors (left) and the X-ray diffraction structure of ZP3B (right) displaying 50% thermal ellipsoids. 
